Abstract. Attaching and effacing Escherichia coli (AEEC) adhere to mucosal epithelium in both small and large intestine and induce a distinctive lesion characterized by an irregular scalloped appearance of the epithelial layer. Infection with attaching and effacing E. coli was detected in 14 calves, 7 pigs, 2 lambs, and 3 dogs. Affected animals were from farms and kennels in South Dakota, Minnesota, Iowa, Nebraska, and Wisconsin. Ages of affected animals were calves, 2 days to 4 months; pigs, l-6 weeks; lambs, 1 week; and dogs, 7-8 weeks. Clinical signs included diarrhea in all animals, but other nonenteric disease problems were present in some animals. Concurrent infection with other enteropathogens was detected in 9 calves and 5 pigs. Infection with AEEC appeared to be the sole cause of illness and death in some animals. There was evidence of intestinal hemorrhage in 5 of the calves and in all 3 dogs. Attaching and effacing lesions varied from small scattered foci to widespread involvement of large areas of intestinal mucosa. Verotoxin was produced by E. coli strains isolated from 9 calves, but not by strains from pigs, lambs, or dogs.
in the large intestine . 5 Destruction of the epithelium results in ulcerative colitis and fibrinosuppurative inflammation. The invasive capacity resides in a specific plasmid-mediated outer protein. 9 The classic test for these strains is the Sereny test: the ability to produce keratoconjunctivitis in the guinea pig. 23 Enteropathogenic E. coli (EPEC) are strains identified in the earliest studies that incriminated E. coli as enteric pathogens. Through epidemiologic studies on infant diarrhea conducted in the late 1940's and early 1950's, strains belonging to approximately 10 serogroups were defined as the classical enteropathogenic E. coli 6 Pathogenic mechanisms for these strains were not determined until after characterization of ETEC and EIEC. One of the first new developments was the description of a distinctive histopathologic lesion produced by these strains, the attaching and effacing lesion. 20 Additional studies identified an adherence factor (EAF) present in most strains: a plasmid-mediated factor expressed in vitro as localized adherence to Hep-2 or Hela cells. l6 Enterohemorrhagic E. coli (EHEC) were first described in 1982, when several outbreaks of hemorrhagic colitis in humans were linked to a strain of E. coli (0157:H7) previously not associated with diarrhea. 22 Since that time, there have been multiple reports incriminating serotype 0157:H7 E. coli, as well as serogroup 026, 0111, and 05 strains, as causes of hemorrhagic colitis and hemolytic uremic syndrome. 1, 11, 12, 19 Enterohemorrhagic E. coli also induce the attaching and effacing lesion. However, these strains do not exhibit localized adherence to Hep-2 or Hela cells, but will adhere to Henle 407 cells, a property associated with a different plasmid and outer protein.
lo Enterohemorrhagic E. coli also produce high levels of verotoxin. Strictly speaking, verotoxin is any substance produced by bacteria that has a toxic effect on Vero cells. A wide variety of bacteria produce verotoxins, many of which are unrelated. 24 Shigatoxin I, a toxin produced by Shigella dysenteriae type I that has welldescribed cytotoxic, neurotoxic, and enterotoxic properties, is a verotoxin. Verotoxins that are neutralized by antitoxin to Shigatoxin I are called shiga-like toxins (SLT I). 17 The verotoxins produced by many EHEC are shiga-like toxins. The role of shiga-like toxin in the pathogenesis of hemorrhagic colitis has not been established, but the toxin can be detected in the feces of affected patients.
The E. coli first established as enteric pathogens in veterinary medicine were enterotoxigenic strains (ETEC). These strains are responsible for colibacillosis in young calves, lambs, and pigs. They express K88, K99, 987P, and F41 pili for adherence in the small intestine and produce LT, STa, and STb enterotoxins. 8, 14 In 1977, an outbreak of diarrhea in laboratory rabbits that was associated with serotype 015:NM E. coli (RDEC-1) was described. 3 This E. coli was a nonenterotoxigenic strain that induced attaching and effacing lesions in both small and large intestine. Subsequent studies documented widespread infection of nursing and weaned rabbits with these E. coli in rabbitries throughout Europe and in North America. The attaching and effacing E. coli (AEEC) strains in rabbits do not produce high levels of verotoxin or shiga-like toxin, and thus are similar to enteropathogenic E. coli
Until a few years ago, the enterotoxigenic E. coli (ETEC) and rabbit attaching and effacing E. coli (AEEC) were the only E. coli recognized as enteric pathogens in veterinary medicine. No counterparts to the enteroinvasive E. coli (EIEC) have been identified. In 1984, a dysentery syndrome in calves in England that was induced by E. coli was described. 4 Attaching and effacing lesions were observed in the large intestines of affected calves. The causative agent was a serotype 05:NM E. coli that did not produce K99 pili or LT enterotoxin. We identified a similar AEEC infection in a calf in the US. l5 More recently, AEEC infection in calves in West Germany also has been reported. 21 Escherichia coli strains isolated from the calves in the US and West Germany produced moderate to high levels of verotoxin, suggesting these strains were similar to enterohemorrhagic E. coli (EHEC).
Since our first report of AEEC infection in a calf, l5 we have identified 13 additional cases in calves from the upper Midwest. Infection with AEEC also has been detected in 7 pigs, 2 lambs, and 3 dogs. This report summarizes our observations to date on AEEC infections in these species. a Porcine intestine also was cultured on tergitol-7 agar. Escherichia coli strains isolated from intestines were examined for presence of pilus antigen, production of enterotoxin, and serotype by methods previously described. 7, 26 Smears of intestinal contents from calves were stained by the Kinyon modified acid-fast technique for detection of cryptosporidia. Intestinal contents from all species were examined for viruses by negative-stain electron microscopy. Frozen sections of intestine were examined for rotavirus, coronavirus, or parvovirus by immunofluorescent staining methods. Immunofluorescent techniques and isolation procedures were used to detect BVD virus in tissues from some calves.
Materials and methods

Specimens
Verotoxin assay. Escherichia coli colonies were selected from tergitol-7 or blood agar plates for verotoxin production assay. Escherichia coli was grown overnight in 20 ml tryptic soy broth a at 37 C. Culture supematant was filtered (0.22 μm) and mixed 1:1 with minimum essential medium.
c Twofold dilutions were made of the supematant-medium mixture, and 50 μl/well was added to the medium (0.2 ml/well) over confluent Vero cell monolayers in 96-well flat-bottom microtiter plates. After incubation for 48 hr, medium was removed and monolayers were fixed with formalin and stained with crystal violet. Toxin titer was defined as the highest dilution at which cytotoxic effect was observed.
Results
Clinical history. Calves infected with attaching and effacing E. coli were from farms in South Dakota, Minnesota, Iowa, and Wisconsin (Table I) . Twelve of the 14 cases involved dairy calves, primarily Holstein. The affected calves were 2 days to 4 months of age, although only 1 calf was older than 1 month. Excluding the 4-month-old calf, the average age was 12.6 days. All calves were presented because of enteric disease problems. There were no clinical signs consistently present that set these calves apart from other calves with diarrhea, although blood was observed in the feces in some cases. The herd history in these cases varied from single animals affected to continuous scour problems in young calves.
Pigs infected with attaching and effacing E. coli were from farms in South Dakota, Minnesota, and Iowa. Both nursing and weaned pigs from 1 to 6 weeks of age were involved. Two cases were received from the same farm at different times. One involved nursing pigs and the other weaned pigs. All pigs were submitted with a history of diarrhea, but other nonenteric disease problems (pneumonia, nutritional osteodystrophy, and pseudorabies) also were present in 6 of 7 pigs.
Both lambs infected with AEEC were l-week-old lambs from farms in South Dakota. One lamb was from a flock with a history of weak lambs that succumbed to pneumonia and diarrhea. No diseases other than AEEC infection were detected in this lamb. The cause of death of the second lamb was Staphylococcus aureus septicemia.
Two of the 3 dogs infected with AEEC, a 7-weekold Yorkshire Terrier and a 7-week-old Maltese Terrier, were from the same kennel in Minnesota, though a period of 5 months separated the 2 cases. Both puppies had died shortly after becoming depressed and anorectic and passing dark tarry feces. The owner reported a sporadic incidence with only a few puppies affected. The third dog was an 8-week-old West Highland White Terrier from a kennel in Nebraska. The puppy had died 4 days after developing diarrhea that was accompanied by listlessness and anorexia. This owner reported losing several entire litters in this manner over a period of 6 months, but not all litters were affected.
Gross lesions. At necropsy, there was mucosal congestion and hemorrhage in the small or large intestine of 5 calves (Table 1) . There was severe hemorrhagic colitis in 3 calves and hemorrhagic cecitis in 1 calf. Intestines in the remaining calves were unremarkable. No distinctive gross lesions were observed in the intestines of most of the pigs or either of the lambs. The one exception was necrohemorrhagic colitis in 1 pig with concurrent swine dysentery. Blood was observed in the feces of the 2 dogs that came from the same kennel. The distal colon and rectum of the third dog contained soft blood-tinged feces. At necropsy, no congestion or hemorrhage was noted in the intestinal mucosa of any of the puppies.
Histopathology. The attaching and effacing lesion was characterized by an irregular eroded appearance of the epithelial layer, with bacteria adherent to the luminal surface (Figs. l-3 ). Cells to which bacteria were attached frequently were shorter than adjacent cells, and clumps of rounded-up, bacteria-covered cells were sloughing into the intestinal lumen. The brush border was displaced by the closely adherent E. coli, which were thicker and more coccoid in appearance than enterotoxigenic E. coli. In contrast, enterotoxigenic E. coli (ETEC) adhere to the villous epithelial cell brush border in a thick layer without disruption of the microvilli or the smooth outline of the epithelial layer (Fig. 4) .
In calves, the lesion was most prominent in the colon and cecum, affecting large areas of surface epithelium and extending to variable degrees into the crypts. Focal bacterial adherence to the sides of the tips of villi in the ileum also was observed in 5 calves. In pigs, the location of the lesion was more variable. In 5 pigs, adherence, which varied from small foci to widespread involvement of large areas of mucosa, was observed only in the small intestine. In 2 pigs, there was extensive adherence that was limited to the large intestine. In the 3 dogs, attaching and effacing organisms were observed on the upper portions of villi throughout the small intestine. In 2 of these puppies, the large intestine also was involved. In lambs, foci of adherence of variable size also were observed in both small and large intestine. Postmortem autolysis interfered with evaluation of the extent of infection in the lambs.
Microbiology. There was concurrent infection with other enteropathogens in 9 of 14 calves (Table 1) . Cryptosporidia were detected in 4 calves, coronavirus in 4 calves, rotavirus in 3 calves, and enterotoxigenic E. coli in 2 calves. Five of 7 pigs were infected with other enteropathogens. Rotavirus was detected in 2 pigs. Transmissible gastroenteritis, cryptosporidiosis, and swine dysentery were each identified in 1 pig. No other enteropathogens were detected in the intestines of the 2 lambs and 3 puppies infected with AEEC.
Verotoxin assay and serotyping. Verotoxin-producing E. coli were isolated from 9 of 14 calves. Verotoxin titers ranged from 1:10 to ≥ 1:640. Seven strains produced verotoxin to a titer of 1:320 to ≥ 1:640. Neutralization tests conducted with specific antisera on 3 isolates indicated the toxin was shiga-like toxin.
d None of these isolates produced K88, K99, or 987P pili or enterotoxins. Three isolates that produced verotoxin were identified as serogroup O5 strains, 2 as O111 strains, 2 were untypable, and 2 have not been serotyped.
None of the E. coli recovered from the pigs, lambs, or dogs produced verotoxin. The E. coli isolated from the West Highland White Terrier was an O11:Hl6 serotype strain. The serogroups to which the E. coli isolated from the other animals belong have not been determined.
Discussion
Attaching and effacing E. coli produce a type of enteric infection that is distinct from the enterotoxigenic E. coli infections that are well known in veterinary medicine. Examination of cases routinely submitted to our 2 laboratories over the past several years has indicated that infection with AEEC is not infrequent in domestic animals in the midwestern US. Whether these cases represent an emerging disease that can affect a wide range of species or whether heightened awareness has led to increased recognition is uncertain. Attaching and effacing E. coli infection has been described previously in rabbits 3 and calves, 4, 15, 21 and there are single reports on 2 cats 21 and a dog, 2 but there have been no previous reports in swine or sheep.
The severity of infection, as assessed by the extent of mucosal involvement, varied considerably. Individual animals with heavy infection were identified in all species included in this report except lambs. In some animals, the AEEC were the only pathogens detected. These observations suggest that, in some instances, these E. coli alone can produce significant disease. Virulence was most evident in the dogs. Heavy infection with AEEC appeared to be the sole cause of illness and death in all 3 of the puppies. Similarly, AEEC infection was the only disease present in 5 of the calves and lesions were severe in 3 of these calves. There was heavy infection without concurrent disease in 1 pig.
In some of the calves and pigs, lesions were focal and mild, and other disease conditions appeared to be primarily responsible for the death of these animals. In these animals, AEEC infection may have been incidental or of secondary importance. AEEC may be opportunistic organisms in some circumstances, infecting animals whose immune system has been weakened by the stress of other disease processes. A lack of immune protection also may partially explain why most of the calves infected with AEEC were dairy calves, even though both laboratories from which these data originated receive many diarrheic calves of both beef and dairy breeds. Inadequate colostral intake is much more likely to occur under the management systems present in dairy operations than in cow-calf operations.
Under the categorization scheme employed in human medicine, the attaching and effacing E. coli in animals would be comparable to enteropathogenic E. coli (EPEC) or enterohemorrhagic E. coli (EHEC). Many of the AEEC recovered from calves produced high levels of shiga-like toxin. Because of this characteristic, shared serogroups, and the association with hemorrhagic colitis, these strains could be classified as enterohemorrhagic E. coli (EHEC). In contrast, none of the E. coli isolated from the pigs, lambs, and dogs produced any detectable verotoxin. Further studies are needed to determine whether these E. coli, as well as the non-verotoxin-producing strains from calves, are similar to enteropathogenic strains rather than enterohemorrhagic strains, or whether the E. coli causing the attaching and effacing lesions in these animals were not recovered by culture methods.
In summary, natural infection with attaching and effacing E. coli occurs in most species of domestic animals. Infection can be mild and incidental, or severe and life-threatening. Hemorrhagic enteritis or bloodtinged feces may be observed in some cases, especially in calves and dogs. Further studies are needed to determine the prevalence and significance of these newly identified E. coli in these and other species. 
